Deregulated activation of the Src tyrosine kinase and heightened Id1 expression are independent mediators of aggressive tumor biology. The present report implicates Src signaling as a critical regulator of Id1 gene expression. Microarray analyses showed that Id family genes were among the most highly down-regulated by incubation of A549 lung carcinoma cells with the small-molecule Src inhibitor AZD0530. Id1 transcript and protein levels were potently reduced in a dose-dependent manner concomitantly with the reduction of activated Src levels. These effects were conserved across a panel of lung, breast, prostate, and colon cancer cell lines and confirmed by the ability of PP2, Src siRNA, and Srcblocking peptides to suppress Id1 expression. PP2, AZD0530, and dominant-negative Src abrogated Id1 promoter activity, which was induced by constitutively active Src. The Srcresponsive region of the Id1 promoter was mapped to a region 1,199 to 1,360 bps upstream of the translation start site and contained a Smad-binding element. Src was also required for bone morphogenetic protein-2 (BMP-2)-induced Id1 expression and promoter activity, was moderately activated by BMP-2, and complexed with Smad1/5. Conversely, Src inhibitors blocked Smad1/5 nuclear translocation and binding to the Src-responsive region of the Id1 promoter. Consistent with a role for Src and Id1 in cancer cell invasion, Src inhibitors and Id1 siRNA decreased cancer cell invasion, which was increased by Id1 overexpression. Taken together, these results reveal that Src positively interacts with the BMP-Smad-Id pathway and provide new ways for targeted inhibition of Id1. [Cancer Res 2008;68(7):2250-8] 
Introduction
The Src family of nonreceptor protein tyrosine kinases contains nine members, including Src, Yes, Fyn, Lyn, Lck, Hck, Fgr, Blk, and Yrk (1) . Src is activated by growth factor receptors, cytokine receptors, protein tyrosine phosphatase 1B, CAS, and focal adhesion kinase (FAK). Src interacts with a network of intracellular signaling pathways, including the integrin/FAK pathway, h-catenin/Wnt, RAS-MEK, phosphatidylinositol-3-OH kinase-AKT and Janus-activated kinase-STAT pathways. These complex interactions explain why Src is involved in a large number of cellular functions including adhesion, migration, invasion, survival, proliferation, differentiation, inflammation, and angiogenesis. Activated Src induced transformation in fibroblasts, and Src kinases were found frequently to be overexpressed and activated in human cancer (2) . This prompted the development of a number of small-molecule Src kinase inhibitors that reduced cancer invasion and metastasis in preclinical models. For example, AZD0530, a potent and selective small-molecule inhibitor of Src kinase, is currently being tested in phase II clinical trials in patients with cancer (3, 4) . Apart from their promising clinical utility, smallmolecule inhibitors of Src possess the potential to identify genes regulated by Src signaling and putative effector molecules.
The inhibitor of DNA binding/differentiation (Id) family of helixloop-helix (HLH) proteins comprises four members (Id1-4) that all lack a DNA-binding domain (5) . Id proteins associate with and inhibit the function of basic HLH transcription factors, including MyoD and E-proteins, to regulate normal cell fate determination, differentiation, and angiogenesis (6) (7) (8) (9) . Expression of Id1 is induced by bone morphogenetic proteins (BMP), which activate Smad1/5 via the BMP-receptors (10) (11) (12) (13) . Activated Smad1/5 binds Smad4, translocates to the nucleus, binds to Smad-binding elements in the Id1 promoter, and recruits transcription factors and coactivators that induce Id1 transcription (14) (15) (16) . In contrast, transforming growth factor (TGF)h can repress the Id1 promoter by activation of Smad3 (17) . BMPs and Id1 are overexpressed in various cancer types and are associated with an aggressive, invasive phenotype (18) (19) (20) (21) (22) . Expression of Id gene family expression is mediated by oncogenic RAS, MYC, and TP53 gain of function mutation (12, (23) (24) (25) . Id1 promotes invasion by production of a 120-kDa gelatinase, mediates tumor angiogenesis by production of vascular endothelial growth factor, facilitates hormone-independent growth, and is involved in the resistance of cancer cells against cytotoxic drugs (19, 26, 27) . Due to its role in cell differentiation and in vascular endothelial cells, Id1 has also been implicated in the biology of cancer stem cells and tumor angiogenesis (8, 28, 29) . Altogether, there is strong evidence that Id1 is an interesting drug target in cancer (30) . However, strategies of Id targeting have thus far been limited to methods of gene silencing in the laboratory. Thus, the availability of pharmaceutical methods to inhibit Id1 in vivo may greatly advance the understanding of the role of Id1 in the biology, therapy, and prevention of cancer.
Here, we show that Src interacts with and is a positive modulator of the BMP-2/Smad1/Id1 signaling pathway in lung cancer cells, suggesting an important role for Id1 in Src-mediated invasion. We also provide evidence that Src inhibition by small molecules significantly reduces the level of Id1 in lung, breast, prostate, and colon cancer cells, thereby providing a potential way to target Id1 in vivo.
Materials and Methods
Cell lines and reagents. The following cell lines were obtained from the American Type Culture Collection: A549, H460, LNCaP, PC-3, T47D, MDA-MB231, HCT-116, and HT-29. Cells were cultured in RPMI (LNCaP and PC-3) or DMEM (all other cell lines) plus 10% filtered, heat-inactivated fetal bovine serum (FBS). PP2 (Calbiochem) and AZD0530 (AstraZeneca) were solubilized in DMSO to obtain a 10 and 1 mmol/L stock solution, respectively. The Src-blocking peptides CpraYKYY-hAla-r7 and CpraYKYY-hAla-k7 (provided by Dr. Kit Lam, University of California Davis Cancer Center, Sacramento, CA) were solubilized in sterile H 2 O to obtain a 25 mmol/L stock solution (31) . Recombinant human BMP-2 (R&D Systems) was reconstituted in 4 nmol/L HCl containing 0.1% bovine serum albumin (BSA) to obtain a 10 Ag/mL stock solution. Stock solutions were stored at À20jC and diluted in DMEM for each experiment.
Microarray gene expression profiling. RNA isolation, RNA purification, and genome-wide expression profiling using Human Genome U133 Plus 2.0 GeneChip arrays (Affymetrix) was performed according to the manufacturer's protocols and as described previously (24) . Initial data processing (e.g., signal detection and scaling) for each chip was performed using Affymetrix GeneChip Operating Software. Model-based expression analysis (using the perfect match-mismatch model) was used to identify differentially expressed genes using DNA-Chip Analyzer software (dChip; ref. 32) . For this, signals from all of the arrays were normalized to the array that had the median overall intensity. Criteria for the selection of genes exhibiting significant expression changes included an average fold change of z2.0 (AZD0530/DMSO), P values of V0.05, and at least 100 units of change between the two treatments being tested.
Reverse transcription-PCR. Total RNA was extracted using the Trizol protocol (Invitrogen) and cDNA was generated using M-MuLV reverse Figure 1 . Id gene expression is down-regulated by Src inhibition in cancer cells. A549 cells were incubated with increasing concentrations of AZD0530, and control cells were incubated with DMSO. A, RNA was isolated after 24 h, and real-time RT-PCR for Id1 RNA and 18S rRNA was performed in triplicates using Sybr Green. Id1 levels were normalized for 18S rRNA. Columns, mean relative to control; bars, SEs. B, protein was isolated after 48 h of incubation with AZD0530, and Western blotting was performed to determine the levels of pY419-Src, Src, Id1, and actin. C, lung (A549 and H460), breast (T47D and MDA-MB231), prostate (LNCaP and PC-3), and colon (HCT-116 and HT-29) cancer cells were selected according to their reported invasive potential, and Western blotting was performed to compare the basal levels of pY419-Src, Src, Id1, and actin. D, cells were incubated for 48 h with PP2 (10 Amol/L) or AZD0530 (1 Amol/L; AZD). Control cells were incubated with DMSO. Western blotting was performed to determine the levels of pY419-Src, Id1, and actin.
transcriptase (Fermentas). For PCR primer sequences and annealing temperatures, see Supplementary Fig. S2 . PCR products were loaded onto 1% agarose gels and run at 110 V for 1 h.
Real-time RT-PCR. Quantitative real-time PCR was performed using iQ Sybr Green Supermix and the iCycler detection system (Bio-Rad). Primer sequences were as follows: ID1 forward, 5 ¶-CTCTACGACATGAACGGCTGT-3 ¶; ID1 reverse, 5 ¶-TGCTCACCTTGCGGTTCTG-3 ¶; 18S forward, 5 ¶-CGCCGCT-AGAGGTGAAATTCT-3 ¶; and 18S reverse, 5 ¶-CGAACCTCCGACTTTCGTTCT-3 ¶. Standard dilutions, melting curve analysis, and agarose gel electrophoresis of PCR products were performed to confirm accuracy. Triplicate Id1 expression values were normalized for 18S rRNA, and data were processed using Q-GENE software (33) .
Western blotting. Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer on ice for 30 min and protein concentrations were determined using the bicinchoninic acid protein assay (Pierce Biotechnology). Equal amounts of protein were electrophoresed on polyacrylamide gradient gels (4-20%) and transferred onto nitrocellulose membranes by semidry blotting. Membranes were blocked for 1 h with TBS containing 5% nonfat dry milk and incubated overnight with antibodies against Src (Upstate), phospho-Src family (Cell Signaling), Id1 (Biocheck), pS463/465-Smad1/5 (Upstate), Smad1/5/8 (Santa Cruz Biotechnology), and h-Actin (Santa Cruz Biotechnology). Membranes were washed in TBS and incubated for 1 h with horseradish peroxidase-conjugated secondary antibodies (Promega). Visualization was performed using enhanced chemiluminescent (ECL) detection reagent and ECL X-ray films (Amersham).
Immunoprecipitation. Cells were lysed with RIPA buffer as described above. Equal amounts of protein were processed using the ExactaCruz kit (Santa Cruz Biotechnology) following the manufacturer's protocol. Briefly, anti-Src antibody (Upstate) was mixed with immunoprecipitation matrix and incubated overnight at 4jC. The mix was centrifuged, and cell lysates were added and incubated overnight at 4jC on a rotator. After centrifugation, pellets were washed in PBS, resuspended in Laemmli buffer, and boiled at 95jC for 5 min. Samples were subjected to SDS-PAGE and Western blotting for Smad1/5/8 (Santa Cruz Biotechnology) and Src (Upstate).
RNA interference. Standard siCONTROL (D-001210-02), on-target plus SMART pool human Src (L-003175-00), and on-target plus SMART pool human Id1 (L-005051-00) were purchased (Dharmacon). Oligonucleotides were complexed with Lipofectamine in Opti-MEM (Invitrogen) according to the manufacturer's protocol and delivered to cells at a final concentration of 100 nmol/L.
Id1 promoter assays. A549 cells were transfected in 96-well plates for 24 h with previously described ID1pGL-luc reporter and SV40pRL coreporter plasmids at a ratio of 10:1 in the presence of Effectene (Qiagen) in 10% FBS DMEM (34) . For Src inhibitor assays, cells were then incubated for 24 h with DMSO, PP2, or AZD0530 in 10% FBS DMEM. Samples were lysed and analyzed using the Dual-Luciferase Reporter Assay system (Promega) on a MicroLumat luminometer (EG & G Berthold). For Src mutant assays, cells were triple transfected for 24 h with ID1pGL, SV40pRL plus PCI vectors containing wild-type human Src, dominant-negative human SrcK298M (provided by Dr. Don Fujita, University of Calgary, Alberta, Canada), or constitutively active chicken SrcY527F (provided by Dr. June Zhou, University of California Davis Cancer Center, Sacramento, CA; ref. 35) . Cells were then incubated in fresh 10% FBS DMEM for 18 h followed by serum starvation in DMEM for 6 h. For promoter region assays, cells were triple-transfected for 24 h with Src-Y527F, SV40pRL, plus fulllength ID1pGL or one of seven previously described ID1 promoter 5 ¶ deletion constructs (34) . Cells were then incubated in fresh 10% FBS DMEM for 18 h followed by serum starvation in DMEM for 6 h. Assays were performed in triplicates, firefly luciferase activity was normalized for Renilla luciferase activity, and relative Id1 promoter activity was calculated based on the mean value of the respective control.
Chromatin immunoprecipitation. A549 cells were incubated with DMSO, PP2, or AZD0530 for 23 h followed by stimulation with BMP-2 (10 ng/mL; 1 h). Cells were cross-linked with 1% formaldehyde for 10 min and incubated in 0.125 mol/L glycine for 5 min. Plates were scraped and cells were centrifuged. Pellets were resuspended in swelling buffer containing 100 mmol/L Tris, 10 mmol/L KOAc, 15 mmol/L MgOAc, and protease-inhibitor cocktail (Roche); incubated for 20 min on ice; and dounce homogenized 15 times. Nuclei were centrifuged; resuspended in Figure 2 . Reduction of Id1 mRNA and protein levels by Src siRNA and blocking peptides. A, A549 cells were incubated with Src siRNA, Id1 siRNA, or nontargeting control siRNA (each at 100 nmol/L; 24 h). RNA was isolated and RT-PCR was performed using specific primers for Src mRNA, Id1 mRNA, and 18S rRNA. B, protein was isolated for Western blotting and probing for Src, Id1, and actin. C, A549 cells were incubated with the Src-blocking peptides CpraYKYY-hAla-k7 and CpraYKYY-hAla-r7 at the concentrations indicated for 24 h. RNA was isolated and RT-PCR was performed using specific primers for Src mRNA, Id1 mRNA, and 18S rRNA. D, Western blotting was performed to determine the levels of pY419-Src, Src, Id1, and actin.
buffer containing 10 mmol/L EDTA, 50 mmol/L Tris-HCl, 0.5% SDS, and protease inhibitor cocktail; and sonicated using a BioRuptor (Diagenode). Lysates were diluted in buffer containing 150 mmol/L NaCl, 2 mmol/L EDTA, 20 mmol/L Tris-HCl, 1% Triton-X, and protease inhibitor cocktail, and split into two aliquots for overnight incubation with 5 Ag of antiSmad1/5/8 antibody (Santa Cruz Biotechnology) or rabbit IgG (Oncogene Science). Samples were then incubated with 5 Ag of sonicated salmon sperm DNA (Sigma-Aldrich) and 50 AL of protein G agarose (Upstate) for 2 h. After centrifugation, supernatant was stored (input control) and pellets were washed in TSE buffer [1% TritonX-100, 0.1% SDS, 2 mmol/L EDTA, and 20 mmol/L Tris-HCl (pH 8.1)], eluted in TE buffer (10 mmol/L Tris-HCl and 1 mmol/L EDTA), and incubated at 65jC overnight to reverse the cross-linking. Samples were incubated with 1 AL of Proteinase K (Fermentas) for 1 h at 55jC, and DNA was isolated using the QIAquick PCR purification kit (Qiagen). PCR for the Src-responsive region was performed using forward primer 5 ¶-AATTGTTGGGATTACAGGCGTG-3 ¶ and reverse primer 5 ¶-CTGGGAATGCGTTTCTTGCG-3 ¶ at an annealing temperature of 55jC for 35 cycles. PCR products were separated on 1.5% agarose gels.
Immunofluorescence. A549 cells in chamber slides were incubated with DMSO, PP2, or AZD0530 for 23 h followed by stimulation with BMP-2 (10 ng/mL; 1 h). Cells were then fixed with 3.7% formaldehyde, permeabilized with Triton-100, blocked with 0.5% BSA in PBS, and incubated with anti-Smad1/5/8 antibody (Santa Cruz Biotechnology) overnight. Cells were washed and incubated with Alexa-647-conjugated secondary antibody and Hoechst dye. After washing, slides were analyzed using a BX61 microscope and SlideBook 4.1 imaging software (Olympus).
Establishment of a stable Id1-overexpressing A549 subline. The fulllength Id1 cDNA sequence was subcloned from pBabe-Id1 (26) into pLNCX2 retroviral vector (BD Clontech) for cytomegalovirus promoter-driven expression. For production of retrovirus, pLNCX2-Id1 and pLNCX2-empty expression constructs (2 Ag) were transfected into LinX-A amphotropic packaging cells using FuGENE 6 transfection reagent. Cultures were incubated at 32jC. After 72 h, virus-containing supernatant was collected, centrifuged at 3,000 Â g for 15 min at 4jC, and filtered through a 0.45-Am surfactant-free cellulose acetate membrane (Corning, Inc.). A549 cells were then infected with a mix of DMEM, virus-containing supernatant (1:1), and polybrene (4 Ag/mL). After incubation for 24 h at 32jC, cells were selected in 10% FBS DMEM with 400 Ag/mL of Geneticin (JR Scientific) at 37jC for 3 wk.
Invasion assays. Cell culture inserts with polyethylene terephthalate membranes and 8-Am pores were coated with 60 AL Matrigel (BD Biosciences). Top chambers were filled with A549 cells in 5% FBS DMEM containing siRNA, DMSO, PP2, or AZD0530. Bottom chambers were filled with 10% FBS DMEM. After 24 h, cells in the top chamber were removed with cotton swabs, and cells on the bottom side of the insert were fixed with 3.7% formaldehyde, stained with 0.5% methylene blue, and counted on an IX50 microscope (Olympus).
Statistical analysis. All experiments were performed at least thrice; values represent the mean of triplicate samples and SEs of the mean. A, A549 cells were transfected for 24 h with ID1pGL firefly luciferase reporter plus SV40pRL Renilla luciferase coreporter followed by incubation for 24 h with DMSO, PP2, or AZD0530 at the concentrations indicated. Triplicate samples were measured using the dual luciferase reporter assay. B, A549 cells were triple-transfected with ID1pGL reporter, SV40pRL coreporter plus wild-type (wt ) Src, constitutively active (ca ) Src, or dominant-negative (dn) Src. Cells were then incubated in 10% FBS DMEM for 18 h followed by serum starvation for 6 h. C, A549 cells were triple-transfected for 24 h with constitutively active Src, and SV40pRL coreporter plus either the ID1 full-length promoter reporter construct or one of the Id1 promoter deletion reporter constructs (5 ¶del-1 to 5 ¶del-7 ). Cells were then incubated in 10% FBS DMEM for 18 h followed by serum starvation for 6 h.
Results
Id gene expression is down-regulated by Src inhibition in cancer cells. To identify novel downstream effectors of Src signaling in cancer, we performed genome-wide expression profiling of cells subjected to Src kinase inhibition. To this end, A549 lung adenocarcinoma cells were incubated for 24 hours with AZD0530 (750 nmol/L) in DMSO or with DMSO alone followed by RNA extraction and expression analysis using Affymetrix U133 plus 2.0 arrays. A total of 175 genes were differentially regulated (z2-fold) in response to incubation with AZD0530. The genes most dramatically down-regulated by AZD0530 were the inhibitors of differentiation gene family members (ID1-4), inhibitory Smads (SMAD6 and SMAD7), TGFB1, and SERPINE1/PAI-1 (Supplementary Fig. S1 ). These findings were confirmed by standard reverse transcription PCR (RT-PCR), and the specificity of the effect of AZD0530 was shown by the fact that levels of Src and of 18S rRNA transcripts were unchanged (Supplementary Fig. S2 ). Taken together, these expression changes suggested that AZD0530-mediated Src inhibition leads to suppression of the Smad-Id signaling pathway.
Based on its (a) strong association with cancer progression and (b) well-defined regulation by Smad signaling, we chose to focus on better defining the mechanism responsible for Id1 as a target of Src inhibition. To characterize further the effect of AZD0530 on Id1 mRNA levels, A549 cells were incubated with increasing concentrations of AZD0530 (1 nmol/L-10 Amol/L) for 24 hours.
Quantitative real-time RT-PCR showed a dose-dependent reduction of Id1 expression by AZD0530, which reached a nadir at 100 nmol/L (Fig. 1A) . Western blot analysis of companion cultures treated with AZD0530 for 48 hours was performed to show a correlation between AZD0530-mediated Src inhibition and down-regulation of Id1. The results confirmed a dose-dependent reduction in Id1 expression that corresponded with decreased levels of activated pY419-Src, whereas the levels of total Src were unchanged (Fig. 1B) . The antiphospho-Src family antibody detected multiple bands between 55 and 70 kDa, consistent with the presence of multiple Src family members in A549 cells. Reprobing with Src-specific antibody confirmed that the 60-kDa band represented the phosphorylated pp60 c-Src protein. To investigate the functional relationship between Src and Id1 and its therapeutic implications, we examined a panel of human cancer cell lines from four types of cancer, including lung (A549 and H460), breast (T47D and MDA-MB231), prostate (LNCaP and PC-3), and colon (HCT-116 and HT-29), each represented by a pair of cell lines with different invasive potential (36) (37) (38) (39) . Protein extracts of cells grown under normal conditions were subjected to Western blotting for pY419-Src, total Src, Id1, and actin (Fig. 1C) . Immunoblot analysis showed that basal Src activity (pY419-Src) was easily detectable in six of eight cell lines. The levels of pY419-Src corresponded with the reported invasive potential in each pair. Similarly, Id1 levels corresponded with the reported invasive potential and level of pY419-Src level in six of eight cell lines. A, A549 cells were transfected for 24 h with ID1pGL reporter and SV40pRL coreporter followed by incubation with DMSO, PP2 (10 Amol/L), or AZD0530 (1 Amol/L) for 23 h and then stimulated with BMP-2 (10 ng/mL; 1 h). Triplicate samples were analyzed using the dual luciferase reporter system. B, A549 cells were incubated with DMSO, PP2 (10 Amol/L), or AZD0530 (1 Amol/L) for 23 h followed by stimulation with BMP-2 (10 ng/mL; 1 h). ChIP was performed using anti-Smad1/5 antibody or normal rabbit IgG. DNA was extracted and the proposed Src-responsive region of the Id1 promoter was amplified by PCR. C, A549 cells were incubated for 23 h with DMSO, PP2 (10 Amol/L), or AZD0530 (1 Amol/L) followed by stimulation with BMP-2 (10 ng/mL; 1 h). Western blotting was performed to determine the levels of pY419-Src, Src, phospho-Smad1/5, Smad1/5, Id1, and actin. D, A549 cells were incubated for 1 h with BMP-2 at the concentrations indicated. Western blotting was performed to determine the levels of pY419-Src, Src, and actin.
Although Id1 was highly expressed in the colon cancer cells HCT-116 and HT-29, an inverse relationship between pY419-Src and Id1 levels was observed. This suggests that Src is a major regulator of Id1 but that other pathways exist to activate Id1. Next, the effect of Src inhibition on Id1 expression in each cell line was determined (Fig. 1D) . Incubation of the cells with PP2 (10 Amol/L) or AZD0530 (1 Amol/L) for 48 hours reduced the levels of pY419-Src and Id1 in all cell lines. These results showed an association between Src and Id1 expression, and that Src inhibitors can effectively mediate Id1 down-regulation.
Reduction of Id1 mRNA and protein levels by Src siRNA and blocking peptides. In addition to small-molecule inhibitors, two alternative approaches to Src-targeting were used to confirm the role of Src in the regulation of Id1 expression. In the first approach, A549 cells were transfected with an Src-specific siRNA pool, as well as an Id1-specific siRNA and a nontargeting control siRNA. After 24 hours, RNA and protein was isolated and RT-PCR and Western blotting was performed, respectively ( Fig. 2A and B) . The expected effect of each siRNA on its respective target was confirmed. Moreover, Src siRNA also reduced Id1 mRNA and protein levels. The levels of 18S rRNA and actin protein remained unchanged. Src siRNA had no visual effect on other members of the Src family tested (Supplementary Fig. S3 ). In the second approach, A549 cells were incubated for 24 hours with cell-permeable Src-blocking peptides CpraYKYY-hAla-k7 and CpraYKYY-hAla-r7 at the concentrations indicated ( Fig. 2C and D; ref. 31 ). Target specificity of these peptides has been shown earlier (31) . Both peptides reduced Id1 transcript levels in a dose-dependent manner. Western blotting showed a reduction in pY419-Src levels and Id1 protein levels, whereas total Src levels remained unchanged. These results confirmed that inhibition of Src activity or expression leads to reduced Id1 levels.
Identification of an Src-responsive region in the human Id1 promoter. To define further the role of Src in the regulation of Id1 expression, we used dual-luciferase reporter assays to monitor the activity of the Id1 promoter. A549 cells were cotransfected with ID1pGL firefly luciferase reporter (34) and SV40pRL Renilla luciferase coreporter for 24 hours followed by incubation with DMSO, PP2, or AZD0530 for an additional 24 hours. As a control, serum starvation for 24 hours decreased the Id1 promoter signal by 54% (Fig. 3A) . In comparison, both PP2 and AZD0530 significantly reduced the Id1 promoter signal in a dose-dependent manner. Of note, AZD0530 (1 Amol/L) in serum-stimulated A549 cells reduced Id1 promoter activity by >90%, suggesting that the promoter is strongly Src dependent. To investigate this further, we tested if Id1 promoter activity could be modulated by enforced expression of wild-type or mutant forms of Src. Under conditions of serumdeprivation, a constitutively active Src mutant resulted in a 3.7-fold induction in Id1 promoter activity, compared with a 3.2-fold induction by serum (Fig. 3B) . In contrast, wild-type Src did not significantly alter Id1 promoter activity, whereas dominantnegative Src decreased endogenous (serum deprived) Id1 promoter activity by 85%. In an effort to map the region in the Id1 promoter that was responsible for Src-mediated activation, each of a set of 5 ¶-deletion constructs (5 ¶del-1 to 5 ¶del-7) generated from the fulllength (2.2 kbp) Id1 promoter and cloned into the pGL-luciferase reporter (34) were cotransfected with SV40pRL coreporter plus constitutively active Src (Fig. 3C) . Again under conditions of serum deprivation, the greatest decrease in the Id1 promoter signal occurred with construct 5 ¶del-3 (60% of the signal of the full-length promoter construct), corresponding to a region between positions 1,360 and 1,199 in the Id1 promoter. Analysis of the sequence of this newly characterized Src-responsive region revealed the CAGC motif (positions 1,352-1,349) , representing a putative Smadbinding element.
Cross-talk between Src and BMP-Smad signaling pathway. BMP-2 is a well-known inducer of Id1 via Smad binding to consensus elements within the Id1 promoter. The findings above suggest that Src is required for Smad-mediated Id1 activation. To address this, we examined the effect of Src inhibitors on BMPinduced signaling and Id1 expression. In reporter assays, stimulation of A549 cells with BMP-2 (10 ng/mL; 1 h) induced a 3.4-fold increase in Id1 promoter activity above basal, serum-stimulated activity (Fig. 4A) . Incubation with PP2 (10 Amol/L) or AZD0530 (1 Amol/L) reduced BMP-mediated Id1 promoter activity by 40% or completely blocked the response, respectively. Chromatin immunoprecipitation (ChIP) of unstimulated and BMP-stimulated A549 cells was performed using Smad1/5 antibody followed by DNA extraction and PCR using primers spanning the newly identified Src-responsive region of the Id1 promoter (Fig. 4B ). BMP-2 (10 ng/mL; 1 hour) markedly induced Smad binding to the Srcresponsive region of the Id1 promoter, and this process was completely blocked in the presence of PP2 (10 Amol/L) or AZD0530 (1 Amol/L). Consistently, BMP-induced Smad1/5 phosphorylation and Id1 expression was inhibited by PP2 and AZD0530 (Fig. 4C ). This experiment also suggested Src activation by BMP-2, and indeed, a separate experiment confirmed that BMP-2 increased pY419-Src levels in a dose-dependent manner (Fig. 4D) . Analysis of the blots with Scion Image software (Scion Corp.) and normalization for total Src revealed an average increase of the pY419-Src levels by 26% to 28% compared with baseline (data not shown).
To determine a physical interaction between Src and Smad, and to confirm the findings in another cell line, H460 lung cancer cells were stimulated with BMP-2 (10 ng/mL) for 30 or 60 minutes followed by immunoprecipitation of Src and Western blotting for Smad1/5 and Src (Fig. 5A) . The amount of Smad1/5 present in immune complexes was increased in protein lysates from cells stimulated with BMP-2 (10 ng/mL; 1 hour), and this was blocked in the presence of AZD0530 (1 Amol/L). Interestingly, a small (3-5 kDa) shift in the size of the Smad protein band occurred by stimulation with BMP-2, suggesting that phosphorylated Smad is recruited into the complex with Src. Next, the effect of Src inhibition on Smad1/5 nuclear translocation was studied. A549 cells were grown on chamber slides and incubated for 23 hours with DMSO, PP2 (10 Amol/L), or AZD0530 (1 Amol/L). Cells were then stimulated with BMP-2 (10 ng/mL; 1 hour). Immunofluorescent staining for Smad1/5 was performed and Hoechst dye used to visualize the nuclei (Fig. 5B) . In unstimulated cells, Smad1/5 localization was primarily cytoplasmic. Although BMP-2 induced prominent nuclear accumulation of Smad1/5 in f30% of the cells, which was consistent with a previous report (40) , PP2 and AZD0530 almost completely blocked Smad nuclear translocation. In summary, the data showed the existence of crosstalk between Src and Smad pathways, and that Src is involved in BMP-2-mediated Smad activation and nuclear translocation.
Involvement of Id1 in cancer cell invasion. The cellular consequence of the Src-Id1 interaction was investigated by determining the effects of Id1 modulation on the invasiveness of A549 lung carcinoma cells. First, the efficacy of different methods of Id1 and Src antagonism to inhibit invasion was examined (Fig. 6A) . Id1 siRNA reduced invasion by 50%, whereas PP2 (10 Amol/L) and AZD0530 (1 Amol/L) reduced invasion by 68% and 73%, respectively. Next, the dominant role of Id1 in conferring a more aggressive phenotype was tested by generating Id1-overexpressing A549 cells (A549-Id1), using retroviral gene transfer. Western blotting confirmed that Id1 expression was increased markedly in A549-Id1 cells compared with empty vector control cells (Fig. 6B) . Matrigel assays revealed that Id1 overexpression enhanced invasion at 24 hours by 7.2-fold compared with vector control (Fig. 6C and D) . These results confirmed the involvement of Id1 in lung cancer cell invasion.
Discussion
The connection between BMP-2, Smad1, Id1, and cancer cell invasion is well-established. BMP-2 was found to be overexpressed in primary human lung cancer compared with normal tissue (18) and was shown to activate Smad1/5, to increase Id1 expression, and to promote invasion in lung cancer cells (40, 41) . Critical regulatory elements in the Id1 promoter include a BMP-responsive region, a serum-responsive region, and a region associated with constitutive expression in breast cancer cells (14) (15) (16) 34) . Consistent with previous data from noncancerous cells, the present study implicates the crosstalk of Src tyrosine kinase signaling with the BMP-Smad pathway as an additional regulator of Id1 expression in cancer (42) (43) (44) (45) . Importantly, this was also associated with a substantial diminution in invasion. This was shown by the ability of multiple methods of Src inhibition (i.e., small-molecule antagonists, peptide inhibitors, and siRNA) to markedly reduce Id1 expression and promoter activity. Conversely, transient, enforced expression of a constitutively active Src mutant induced the Id1 promoter signal independently of serum or BMP-2. Using a series of Id1 promoter deletion constructs, we identified a novel Srcresponsive region in the human Id1 promoter. This region contains the Smad-binding motif CAGC, and we provided evidence for the binding of Smad1/5 to the Src-responsive region. Consistent with the demonstration of a functional interaction between Src and BMP-Smad1/5, and temporal association of BMP-mediated activation of Src and Smad1/5, the formation of a signaling complex of Src and Smad1/5 was shown by coimmunoprecipitation experiments. Further work is expected to reveal the molecular mechanisms by which Src is recruited to the BMP receptor complex and is activated in response to BMP signaling, and by which Src may activate Smad1/5. In this context, previous work by others showed that PP1 (and to a lesser extent, PP2) significantly inhibited TGFh receptor kinase activity and blocked subsequent Smad2/3 signaling; this suggested the that some effects seen in our study may have resulted from direct inhibition of TGFh receptor kinase by the small-molecule kinase inhibitors used (46) . We used several different molecular approaches to Src targeting (RNA interference, small molecules, dominant-negative mutant, and inhibitory peptides) and the consistent results make it unlikely that off-target effects account for the main observations. Supporting this view, other studies showed that TGFh did not activate, but rather inhibited, Id1 expression (14, 29, 47) . Taken together, these data suggest a model of balanced Id1 regulation in which BMP acts positively on Id1 transcription via Smad1/5 and TGFh acts as negative regulator via Smad2/3. Aberrant activation of Src may shift the balance toward increased Smad1/5 signaling, resulting in Id1 overexpression. However, the present report also supports the existence of other undefined mechanisms of Id1 regulation because HT-29 and HCT-116 cells lacked a positive association between Src activation and Id1 expression. Because missense mutations in Smad4 exist in some colorectal cancer cells, including HT-29, Id1 expression may be driven by Smad-independent pathways in these cells (48) . In this regard, the observation that Src inhibition reduced Id1 levels in MDA-MB231 cells, which constitutively express high levels of Id1 in a serum-independent manner, is encouraging (34) .
Our study has several clinical implications. First and most important, it points toward a new molecular mechanism of action for Src inhibitors and suggests the use of Id1 as a biomarker. In line with this notion are gene expression signatures in breast and lung cancer, which include both Id1 and Src, and which are associated with tumor aggressiveness and responsiveness to Src inhibition, respectively (49, 50) . Second, we speculate that therapeutic strategies based on Src inhibitor-mediated Id1 down-regulation may reduce tumor recurrence, angiogenesis, and metastasis. Beyond this, based on the implication of Src and BMP in osteogenesis, the findings described in the present report may lead to advances in the biology and treatment of malignant and nonmalignant bone disease.
